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The THO complex is involved in transcription,
genome stability, and messenger ribonucleoprotein
(mRNP) formation, but its precise molecular function
remains enigmatic. Under heat shock conditions,
THO mutants accumulate large protein-DNA com-
plexes that alter the chromatin density of target
genes (heavy chromatin), defining a specific bio-
chemical facet of THO function and a powerful tool
of analysis. Here, we show that heavy chromatin
distribution is dictated by gene boundaries and that
the gene promoter is necessary and sufficient to
convey THO sensitivity in these conditions. Single-
molecule fluorescence in situ hybridization measure-
ments show that heavy chromatin formation
correlates with an unusually high firing pace of the
promoter with more than 20 transcription events
per minute. Heavy chromatin formation closely fol-
lows the modulation of promoter firing and strongly
correlates with polymerase occupancy genome
wide. We propose that the THO complex is required
for tuning the dynamic of gene-nuclear pore associ-
ation and mRNP release to the same high pace of
transcription initiation.INTRODUCTION
Several concomitant and sequential processes accompany the
synthesis of mRNA by RNA Polymerase II (Pol II), and increasing
experimental evidence documents the crosstalks among the
machineries of transcription, processing, and mRNA export
(for reviews, see Perales and Bentley, 2009; Proudfoot et al.,
2002). The messenger ribonucleoprotein (mRNP) only acquires1082 Cell Reports 5, 1082–1094, November 27, 2013 ª2013 The Autfull export competence after 30 end processing that is operated
by the cleavage and polyadenylation complex (CPF/CF) (Hilleren
et al., 2001; Libri et al., 2002). Several reports document that
chromatin contacts the nuclear pore complex (NPC) during
mRNP production/export, although the physiological impact of
this event in transcription or export is still a matter of debate (Die-
ppois and Stutz, 2010; Strambio-De-Castillia et al., 2010).
The release of the mRNP from the site of transcription is a
regulated process that occurs via a mechanism that is still not
completely elucidated. RNAs that are produced in export/
mRNP biogenesis mutants are generally not released from the
site of transcription and are eventually degraded by nuclear
RNA degradation machineries that include exosome and the
TRf4/Air/Mtr4 polyadenylation (TRAMP) complex (Jensen et al.,
2001; Libri et al., 2002; Rougemaille et al., 2007; Thomsen
et al., 2003).
The THO is a conserved complex composed of four subunits
(Hpr1p, Mft1p, Tho2p, and Thp2p; Cha´vez et al., 2000; Stra¨sser
et al., 2002) that is recruited during transcription at several RNA
Pol II genes (Abruzzi et al., 2004; Stra¨sser et al., 2002; Zenklusen
et al., 2002). The phenotypes associated tomutations in the THO
complex suggest that this set of proteins is directly or indirectly
involved in transcription elongation, genome stability, andmRNP
biogenesis (Aguilera and Go´mez-Gonza´lez, 2008; Cha´vez and
Aguilera, 1997; Libri et al., 2002; Luna et al., 2005; Mason and
Struhl, 2005; Rougemaille et al., 2007; Saguez et al., 2008;
Schneiter et al., 1999). However, the molecular mechanism of
THO function and how it impacts these various cellular pro-
cesses remains enigmatic (for a review, see Katahira and
Yoneda, 2009; Rondo´n et al., 2010).
Integrity of the THO complex is only essential for yeast growth
at and above 37C. Under these conditions, alterations in the
THO complex provoke retention of heat shock mRNAs in foci
at or close the transcription site (TS) (Jensen et al., 2001; Thom-
sen et al., 2003). We have recently shown (Rougemaille et al.,
2008) that in THO mutants, the failure to release the mRNP
from the TS is accompanied by the persistence of the genomichors
locus in the proximity of the NPC, provoking the accumulation of
a transient intermediate in the transcription and export pathway.
Because this NPC-associated intermediate contains abnormally
high levels of cleavage and polyadenylation factors, we have
proposed that in THO mutants, export of HSP104 and other
heat shock RNAs is blocked after commitment to 30 end pro-
cessing but before release of the RNA from the site of transcrip-
tion and dismantling of the polyadenylation machinery after
processing (Rougemaille et al., 2008). Resolving this TS-NPC
association is therefore an important event for which the function
of the THO is required at a subset of genes.
Accumulation of this TS- and NPC-associated intermediate
provokes a major heterogeneity in the structure of chromatin
around THO-sensitive genes. Extensive protein-DNA formalde-
hyde crosslinking in these regions leads to the formation of
adducts that sequester THO-sensitive genes in a heavy chro-
matin fraction that is depleted from canonical chromatin prepa-
rations and can be partially purified by appropriate centrifugation
steps (Rougemaille et al., 2008).
By virtue of these findings, we have named this phenomenon
differential chromatin fractionation (DCF) or heavy chromatin for-
mation and designed byDCF complex the intermediate accumu-
lating in THO mutants. Because DCF formation is restricted to
THO complex and Sub2p mutants, it can be considered as the
biochemical facet of THO specificity and an important tool to
decrypt the mechanisms underlying the coordination of TS
release and export.
Here, we decrypt the elements dictating the formation of
heavy chromatin and defining THO target genes. We describe
the genomic distribution of heavy chromatin at the subgene res-
olution level and show that chromatin alterations are precisely
dictated by the boundaries of THO target genes. DCF complex
is maximum around transcription termination signals but, sur-
prisingly, the nature of the promoter is the major determinant
for the formation of heavy chromatin and THO sensitivity. Sin-
gle-molecule counting of RNA polymerases on the HSP104
gene provides a mechanistic facet to this finding by revealing
unique features of transcription activation by DCF-inducing pro-
moters. We show that HSP104 is transcribed simultaneously by
an unusually high number of polymerases for yeast genes,
strongly suggesting that THO sensitivity correlates with a spe-
cific requirement to handle an overload of processing events
occurring at the interface between the site of transcription and
the nuclear pore.
RESULTS
DCF Complex Is Deposited According to the Position of
Polyadenylation/Termination Signals
THO complex sensitivity and heavy chromatin formation is
restricted to a subset of loci that include genes activated upon
heat shock (Rougemaille et al., 2008; see below). We sought to
investigate the distinctive elements of this specificity. Since
heavy chromatin formation is restricted to the transcription
termination region and requires the integrity of the polyadenyla-
tion/termination complex (Rougemaille et al., 2008; see below),
we first asked whether DCF genes contain singular features
in their 30-processing signals. To this end, we replaced theCell ReHSP104 terminator at the chromosomal locus with the termi-
nator of CYC1, a gene that is not subject to DCF in THOmutants
(Rougemaille et al., 2008), or with a heterologous A. gossypii TEF
terminator brought by a TAP-tag cassette (HSP104-CYCterm
and HSP104-TEFter; Figures 1A and S1A). DCF occurred to
the same extent in the wild-type and the chimeric genes (Figures
1A and S1A), indicating that the nature of the terminator is not
relevant to induce heavy chromatin formation in THO mutants.
Importantly, when we inserted theCYC1 terminator in themiddle
of the HSP104 gene (HSP104-1.4kb-CYCter), transcription
termination occurred earlier (data not shown) and the DCF
peak was displaced to the middle of the gene (Figure 1B), indi-
cating that the DCF complex is positioned accordingly to the
location of the terminator region. Together, these results demon-
strate that the presence of a functional terminator, but not its
nature, is required for DCF formation in THO mutants.
Promoter Conveys THO Dependency
It has been reported that the length or the G+C content of the
transcribed sequence or the presence of internal repeats can in-
fluence THO complex dependence (Cha´vez et al., 2001; Voynov
et al., 2006). Therefore, we assessed whether the HSP104 gene
contains DCF-promoting elements within its coding region. To
facilitate this and further analyses, we ectopically expressed
the HSP104 gene from a centromeric plasmid under control of
its own promoter (PHSP999) and verified that THO-dependent
occurrence of DCF could still be observed in this context (Fig-
ure S1B). To assess whether the sequence of the transcribed
gene is important for DCF formation, we replaced the HSP104
coding region with the sequence of the LHS1 gene. LHS1 was
chosen because it has a similar size and G+C content as
HSP104 but is not subject to DCF when expressed under the
control of its own promoter (Figure 2A). Interestingly, expression
of LHS1 under control of the HSP104 promoter was sufficient to
elicit DCF in THO mutants (Figure 2B), indicating that the
sequence of the transcribed unit is not a major determinant of
heavy chromatin formation.
This finding suggested that the nature of the promoter could
be an important determinant of DCF formation. To consolidate
this notion, we replaced theHSP104 promoter with the promoter
of several genes that are not found in the heavy chromatin frac-
tion and that activate transcription with different strengths (CYC1
and ACT1, Figure 2C; see also ADH1, Figure 4A, and TUB1 and
RPL5, Figure S4A). Transcription of HSP104 by these promoters
led to loss of THO sensitivity and DCF formation in mft1D cells,
further supporting the notion that activation by HSP104 regu-
latory sequences is essential.
Heat shock gene promoters contain heat shock elements
(HSEs) that are required for the high-affinity binding and cooper-
ative recruitment of the heat shock transcription factor, Hsf1p
(Sorger, 1991). Transcriptional activation by Hsf1p allows the
bypass of many transcription cofactors and is characterized by
a fast and robust transcriptional response (Uffenbeck and Krebs,
2006). A minimal 356 bp HSP104 promoter (PHSPmin) (Grably
et al., 2002) or a chimeric construct containing the HSE region
(356 to 140 relative to the start codon) associated to a mini-
mal CYC1 promoter (PHSE/CYC) was sufficient to elicit DCF on
ectopically expressed HSP104 (Figure 2C). This suggests thatports 5, 1082–1094, November 27, 2013 ª2013 The Authors 1083
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Figure 1. DCF Complex Formation Depends on the Position of the Terminator but Not Its Nature
(A) Replacement of the endogenous terminator (THSP104) by aCYC1 terminator (TCYC) does not prevent DCF formation. DNA levels recovered from the DCF pellet
were analyzed by quantitative PCR with primer pairs along the HSP104 coding region. PCR signal for wild-type (wt; light gray) or mft1D cells (dark gray) were
normalized to levels detected using primers amplifying a nontranscribed intergenic region. Positions of the center of the amplification product are indicated in bp,
relative to the translation start codon of HSP104.
(B) DCF profile along the HSP104-SSA2 genomic locus after insertion of TCYC in the middle of HSP104 (HSP104-1.4 kb-CYCterm construct). Real-time PCR
analysis of the DCF pellet, with primer pairs positions indicated by the black squares on the scheme, for HSP104 (upper panel) and HSP104-1.4 kb-CYCterm
(lower panel). Arrowheads on the graphic indicate the positions of the terminators. Error bars represent SDs of three independent experiments.
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Figure 2. DCF Formation Depends on the
Heat Shock Promoter
(A) DCF analysis of endogenous LHS1 in com-
parison to endogenous HSP104.
(B) DCF analysis of PHSP999-LHS1, a plasmid-
borne copy of LHS1 coding sequence, under the
control ofHSP104 promoter andCYC1 terminator.
Primer pairs for real-time PCR are specific
to PHSP999-LHS1-TCYC. Analysis of endogenous
HSP104 in the same cells is shown as a control.
Real-time PCR analysis was as in Figure 1.
(C) DCF analysis of plasmids containing the
HSP104 coding sequence driven by different
promoters. PCYC and PACT contain the CYC1 and
ACT1 heterologous promoters respectively.
PHSPmin contains a minimal 365 bp HSP104 pro-
moter and PHSE/CYC is a hybrid promoter contain-
ing the HSE region of PHSPmin fused to a minimal
CYC1 promoter.
(D) Artificial tethering of the Hsf1p activation
domain induces DCF. As in (C), the expression
of HSP104 is under the control of a CYC1
minimal promoter containing seven TetO repeats
(PTET/CYC1). The Hsf1p activation domain is teth-
ered to the chimeric promoter via the DNA binding
domain of the Tet repressor (TetR), allowing
doxycycline-repressible and heat-shock-depen-
dent expression of the gene. After 15 min heat
shock, DCF levels for this construct are analyzed
together with endogenous HSP82 as control.
Real-time PCR analysis for all panels was as in
Figure 1. Error bars represent SDs of three inde-
pendent experiments.transcriptional activation by Hsf1p is sufficient to elicit heavy
chromatin formation. Consistent with this notion, artificial teth-
ering of Hsf1p to a non-heat-shock promoter conferred a THO-
dependent DCF phenotype. A chimeric activator containing the
tetracycline repressor (TetR) DNA binding domain fused to the
Hsf1p C-terminal activation domain (Eastmond and Nelson,
2006) efficiently activated HSP104 transcription from a minimal
CYC1 promoter under heat shock conditions (TetR-Hsf1, Figures
2D and S2). Activation was repressed by the addition of doxycy-
cline to the medium, which prevents the association of the TetR
moiety with the DNA. Importantly, TetR-Hsf1-driven activation
led to heavy chromatin formation in mft1D cells (Figure 2D),
which was doxycycline dependent (see below; Figure 7D).
These results demonstrate that transcriptional activation by
the heat shock factor Hsf1p is sufficient to induce the formation
of heavy chromatin in THO mutants.
High-Resolution Genome-wide Distribution of Heavy
Chromatin
To gain further insight into the occurrence and the implications of
DCF, we generated a genome-wide high-resolution map of DCF
in mft1D and wild-type cells. We have previously described the
low-resolution distribution of DCF and concluded that severalCell Reports 5, 1082–1094, Nogenes, most of which linked to the heat
shock response pathway, were enriched
in heavy chromatin upon a defectiveTHO complex (Rougemaille et al., 2008). However, this analysis
was restricted to the 30 ends of yeast coding genes, which pre-
vented the analysis of the phenomenon at the subgene resolu-
tion level. Therefore, we hybridized the DNA extracted from the
heavy fraction or from total chromatin extracts derived from
wild-type and mft1D cells to yeast tiling arrays containing over-
lapping probes covering most of the yeast genome (see Fig-
ure S3 for signal distributions).
In extracts prepared from mft1D cells, the DCF enrichment
profile was confined to discrete regions often encompassing
the size of many coding genes (Figures 3A and 3B). We also
observed similar profiles for chromatin samples derived from
wild-type cells, although with markedly weaker signals (see for
instance signals at UBI4 and KAR2, Figure 3A), confirming that
the lack of a functional THO complex enhances a phenomenon
already occurring in a wild-type context (Rougemaille et al.,
2008). In several cases, however, spreading of the signal over
several genes precluded the unambiguous identification of the
primary cause of DCF. To identify genes that are the primary
cause of DCF in a given chromosomal region, we took advantage
of the above observations that formation of heavy chromatin
is linked to the nature of the promoter. Therefore, we cloned
the promoters of several candidate genes to drive ectopicvember 27, 2013 ª2013 The Authors 1085
Figure 3. Profile of Heavy Chromatin Levels
at Several Genomic Loci
(A) DCF profile for HSP104, KAR2 and UBI4 loci.
(B) DCF profile for STI1-CIN5 and SSA4-NUP157
convergent genes.
(A and B) Heavy chromatin enrichments are ex-
pressed as the log2 ratio of the DNA content in the
high centrifugation pellet relative to the total DNA
in the extract for wild-type or mft1D. Average
from two independent experiments. Chromosomal
coordinates are indicated as thousand units on the
x axis. The transcribed regions are indicated by
boxes on either strand (W or C). Genes that have
been submitted to promoter analysis are indicated
in light gray.expression of the HSP104 coding region and assessed the
occurrence of DCF in mft1D cells (Figures 4A and S4A and
data not shown). For instance, in the two examples shown in Fig-
ure 3B, the heavy chromatin peak could in principle be due to the
expression of STI1, CIN5, SSA4, or NUP157, but only the pro-
moters of STI1 and SSA4 induce DCF on ectopically expressed
HSP104 (Figure 4A). Interestingly, and consistent with findings
reported above, STI1 and SSA4 are strongly activated under
heat shock and are known Hsf1p targets (Hahn et al., 2004).
When normalized to both the gene length and the dynamic range
for each gene, the heavy chromatin distribution of five verified
primary DCF targets (HSP104, STI1, SSA4, UBI4, and KAR2)
could be easily aligned between the TSS and the 30 end and
markedly diverged after the end of each gene (Figure 4B). The
distribution of heavy chromatin fits gene boundaries, originating
around the transcription start site (TSS) and dramatically in-
creasing to reach a peak around the 30 end, where the maximum1086 Cell Reports 5, 1082–1094, November 27, 2013 ª2013 The Authorsof the phenomenon is observed. To
extend these observations, we combined
the normalized DCF values for the best
100 genes with 30 end-skewed heavy
chromatin distribution. This analysis (Fig-
ure 4C) revealed a similar asymmetric
profile as for the five verified targets,
with a sharp transition after the TSS
and a divergent profile after the 30 end
maximum, indicated by a wider 50%
range. Consistent with results reported
above, Hsf1-inducible genes (about 3%
of yeast genes; Hahn et al., 2004) are
strongly enriched in the selected genes
because they account for 33% of the
best 100 genes subject to DCF. The
average curve for the 33 heat shock
genes is shown in Figure S4B.
Altogether, these results indicate that
formation of heavy chromatin is markedly
polarized along the gene length, with a
minimum always coincidental with the
start of transcription and a maximum
around the 30 end of the gene. Interest-
ingly, the average signal is not distributedsymmetrically around the maximum, as would be expected of a
localized signal passively bleeding into neighboring regions (see
discussion). This indicates that the distribution of heavy chro-
matin along the gene is strictly dependent on the direction of
transcription and increases along a gradient toward the 30 end
of the gene.
High Firing Power Is a Distinctive Feature of the HSP104
Promoter
The macroscopic notion of transcriptional output combines
at least three features of the process: (1) the fraction of
cells in the population that respond to the initial activation
stimulus; (2) the frequency of promoter activity during the
activation period; and (3) the intrinsic ‘‘firing power’’ of the
promoter, defined as the number of firing events per time unit
during each activity period. A high promoter firing power
translates into a high frequency of processing, termination,
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Figure 4. DCF Distribution Is Defined by Gene Boundaries
(A) Promoter analysis to identify genes that are primary cause of DCF. The promoters from the four convergent genes in (B) have been cloned to drive expression
of plasmid-borne HSP104 coding sequences, and DCF analysis was performed. DNA amounts from the DCF pellet for mft1D cells were evaluated by real-time
PCR and represented relatively to levels found in wild-type cells. Analysis of HSP82 was performed in the same cells as a positive internal control. Averages and
SDs from three independent experiments are shown.
(B) Metagene analysis using five verified DCF genes aligned relative to their TSS (0.0) and pA position (1.0). The averaged log2 (pellet/total) ratios from the five
genes are normalized to minimum and maximum values. Error bars represent SD.
(C) Metagene analysis using the best 100 genes with a 30-skewed DCF profile. Analysis as in (B), except that the median of the values for the 100 selected genes
was plotted (red curve) together with the 50% range (gray lines).and mRNA release events. This might imply a more stringent
requirement for kinetically efficient processing and mRNP
release events and lead to DCF when THO function is defective.Cell ReThe promoter dependency of DCF prompted us to explore a
possible link between firing/processing power and heavy chro-
matin formation.ports 5, 1082–1094, November 27, 2013 ª2013 The Authors 1087
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Figure 5. Quantitative RNA-FISH Analysis of
HSP104 Transcription at Different Times of
Induction
(A) Maximum intensity projected 3D stacks of images
from RNA FISH experiments. After 2 or 15 min of heat
shock (37C) as indicated, yeast cells were fixed and
hybridized to HSP104 probes labeled with Cy3 (left).
Transcription sites are identified by their high intensity
and the overlap with DAPI staining.
(B) Distribution of cytoplasmic mRNA in individual
yeast cells that were heat shocked for 2 or 15 min.
(C) Distribution of nascent HSP104 RNAs present at
the site of transcription in individual yeast cells after
2 or 15 min of heat shock (37C).Single-molecule, quantitative fluorescence in situ hybridi-
zation (FISH) has been previously used to characterize the
quantitative parameters of gene activation in yeast (Zenklusen
et al., 2008). Most yeast genes are transcribed simultaneously
by a low number of polymerases (generally 0–4; Zenklusen
et al., 2008) evenly spaced along the transcribed unit (‘‘consti-
tutive’’ mode, low firing power). An alternative mode of activa-
tion was also described, with bursts of high-power firing
interrupted by relatively long inactivity periods (Zenklusen
et al., 2008). We analyzed the firing power of the endogenous
HSP104 gene during heat shock activation using single-mole-
cule RNA FISH (Femino et al., 1998; Zenklusen et al., 2008).
As previously described (Zenklusen et al., 2008), the signal
intensity of individual cytoplasmic foci, representing unique
mRNA molecules, was used to estimate the number of nascent
RNA molecules (and therefore transcribing RNA polymerases)
present at each TS.1088 Cell Reports 5, 1082–1094, November 27, 2013 ª2013 The AuthorsBecauseheat shockgene inductionat37C
is a transient phenomenon, we first analyzed
polymerase occupancy at the HSP104 locus
at 2 and 15 min after heat shock (Figure 5).
At the earliest time point, very bright sites of
transcription could be observed and 40 cyto-
plasmic foci on average (Figures 5A–5C and
6B), indicating that the gene is actively tran-
scribed and that cytoplasmic accumulation
of HSP104 mRNA already occurred at this
time point. At 15 min, cytoplasmic accumula-
tion was higher but the intensity of TSs was
lower (Figures 5A–5C), indicating that tran-
scription is progressively being shut down
at this time point, which is consistent with
earlier Pol II chromatin immunoprecipitation
(ChIP) measurements (Kremer and Gross,
2009). Therefore, we restricted our analysis
to the early time point of activation. Note
that heavy chromatin formation can be
observed at this time point (Figure S5). The
strong fluorescence intensity detected at
active TSs indicates that every gene is
simultaneously transcribed by ten Pol II mole-
cules on average, with cells containing as
many as 30 Pol II molecules (Figure 5C).The FISH signal detected at the TS might have several
components in addition to the nascent, Pol II-associated
RNA. For instance, the signal could persist at the TS due to
retention of full-length transcript, which could conceivably
occur in the absence of an associated transcribing polymerase.
Indeed, retention of HSP104 RNA at the site of transcription
was previously observed in THO mutant cells (Libri et al.,
2002; Thomsen et al., 2003), which, incidentally, prevented
reliable detection of nascent, polymerase-associated RNAs
by single-molecule FISH in mft1D cells. Although RNA reten-
tion at the TS was not previously observed in wild-type cells,
we could not formally rule out this possibility and considered
that the TS signal might have two components: one due
to the nascent RNA and another due to TS retention. We
reasoned that the signal due to Pol II-associated nascent
RNAs should be proportional to the size of the gene, while
the component due to fully transcribed, TS-associated RNA
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Figure 6. The Number of Transcribing Poly-
merases Is Proportional to the Size of the
Transcription Unit
(A) Distribution of nascent HSP104 RNAs obtained
by quantitative RNA-FISH analysis for the wild-
type gene (upper panels) and its derivative con-
taining only the 50 half (HSP1041–1,404, lower
panels) before (25C, left panels) and after a 2 min
heat shock (37C, right panels).
(B) Table summarizing the nascent and cyto-
plasmic mRNA statistics for both gene constructs
at the indicated temperatures. Distributions for
cytoplasmic mRNAs are shown in Figure S7.should be constant and eventually dependent on the nature of
30 end signals (Abruzzi et al., 2006). Therefore, we measured
the intensity of TS FISH signals for a shorter transcription unit
only containing the 50 half of the HSP104 gene and the same
termination signals as the full-length gene (HSP1041–1,404).
As shown in Figure 6A (see also Figure S6), the shorter
HSP1041–1,404 construct contained roughly half of TS-associ-
ated RNA molecules compared to wild-type HSP104 (10.3
versus 5.3; Figure 6B). Because the total number of cyto-
plasmic molecules is slightly increased with the shortened
construct, indicating that transcription initiation is not affected
(Figures 6B and S7), this result strongly suggests that
HSP104 mRNP release from the TS and subsequent export is
not a limiting step.Cell Reports 5, 1082–1094, NoThis is also consistent with the fast
appearance of newly transcribed cyto-
plasmic mRNAs upon induction. From
the data summarized in Figure 6B, it can
be inferred that the average number of
newly transcribed cytoplasmic mRNAs
after 2 min of heat induction is roughly
30 (i.e., 40 minus 10 preexisting in non-
heat-shocked cells). Considering the
average number of polymerases still tran-
scribing the gene (10), at least 40 tran-
scription initiation events have occurred
within the 2 min of heat induction (i.e.,
20 molecules/min). This rate of initiation
remarkably fits the rate of cytoplasmic
mRNA appearance, supporting the notion
that transcript retention time is negligible
in the whole process. Indeed, even
assuming a conservative elongation rate
of 4 kb/min (Darzacq et al., 2007; Zenklu-
sen et al., 2008) (i.e., 40 s to complete
transcription of HSP104), at least 30
mRNA molecules are released on
average within the remaining 80 s of the
time course of the experiment (i.e., 22.5
molecules/min).
A firing power of roughly 20 initiation
events/min is the highest described so
far for yeast cells. The heavy load of poly-
merases produced during the very earlyphases of activation requires kinetically efficient mechanisms
that we suggest imply a specific need for a fully functional THO
complex.
Causal Links between Polymerase Overload and Heavy
Chromatin Formation
High-frequency, constitutive promoter firing has not been
described for yeast genes so far. However, ‘‘bursting’’ genes
are characterized by high-power firing during their activity
periods. We surmised that high-frequency firing in these genes
should also lead to heavy chromatin formation in THO mutants
during activity. The only yeast gene for which a bursting mode
has been demonstrated so far is PDR5 (Zenklusen et al.,
2008), with a firing power of roughly ten Pol II molecules pervember 27, 2013 ª2013 The Authors 1089
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Figure 7. Causal Link between High-Power
Promoter Firing andHeavy Chromatin Forma-
tion in THO Mutants
(A) Profile of heavy chromatin levels at the PDR5
locus. Heavy chromatin enrichments are expressed
as the log2 ratio of the DNA content in the high
centrifugation pellet relative to the total DNA in the
extract for the wild-type ormft1D cells as in Figure 3.
(B) High-power activation by TetR-VP16 entails
DCF. Real-time DCF analysis of a construct ex-
pressing HSP104 sequences under control of the
chimeric TetR-VP16 activator (scheme on the top).
DCF levels are calculated relative to a non-
transcribed intergenic region as in Figure 1. Wild-
type and mft1D cells are grown at 25C and shifted
for 15 min at 37C as indicated. Error bars represent
SDs of three independent experiments.
(C) RNA Pol II occupancy and DCF formation are
correlated. Cumulative distributions of DCF levels
for all genes, the 100 or 400 genes with the highest
RNA Pol II occupancy under heat shock. Statistical
significance of the difference between the two dis-
tributions was calculated with a one-tailed Student’s
t test.
(D) DCF levels are modulated by the promoter firing
power. Increasing concentrations of doxycycline
(DOX, in mg/ml) are added to the cell culture media
4 hr prior heat shock. Doxycycline prevents binding
of TetR-Hsf1 to the PTET/CYC1 promoter (as in Fig-
ure 2D), which decreases the active concentration
of the activator and the promoter firing output.
Error bars represent SDs of three independent
experiments.transcriptional burst. Consistently with the model, we found that
PDR5 is strongly enriched in the DCF pellet (Figure 7A) and its
mRNA is retained at the TS in THO mutant cells, a hallmark of
THO-complex sensitivity (Rougemaille et al., 2008). Recently,
the TetON expression system that relies on VP16-mediated acti-
vation has also been shown to provoke transcriptional bursts in
yeast (To and Maheshri, 2010). Interestingly, expressing the
HSP104 coding region under control of the chimeric TetR-
VP16 activator (PTet-HSP104) also led to heavy chromatin forma-
tion in THO mutants (Figure 7B).
If polymerase overload and DCF are causally linked, then it
should be possible to correlate high Pol II occupancy with
heavy chromatin formation. Therefore, we compared data
describing the genome-wide distribution of RNA Pol II occu-
pancy under conditions of heat shock (Venters et al., 2011) to
the distribution of DCF values in THO mutants. As shown in Fig-
ure 7C, Pol II occupancy and DCF formation are correlated with
very high significance values. Indeed, the distribution of DCF
values in the subset of the best 100 or 400 genes for Pol II
occupancy is markedly higher than the DCF distribution for all
genes (respectively, p = 3.1 3 1070 and p = 1.2 3 1071). Simi-
larly, Pol II occupancy values for the best 100 or 400 genes with
highest DCF values are unambiguously higher than those of the1090 Cell Reports 5, 1082–1094, November 27, 2013 ª2013 The Authorstotal population (p = 5.7 3 1043 and
p = 7.6 3 1051, respectively; Figure S8).
These data indicate that genes with highPol II occupancy are generally subject to DCF formation in
THO mutants.
One important prediction of our model is that altering the firing
power of a promoter should markedly affect DCF formation. One
possible way of doing so would be to affect the frequency with
which an activator binds its cognate sequence in the promoter.
The Tet repressor (TetR) cannot bind the Tet operator in the pres-
ence of doxycycline. Therefore, we reasoned that nonsaturating
amounts of doxycycline should decrease the active (DNA-
binding-competent) pool of our TetR-Hsf1 chimeric activator,
thereby affecting the frequency of productive interaction events
with the promoter. Consistent with expectations, the addition of
limiting concentrations of doxycycline suppressed formation of
DCF upon transcriptional activation by TetR-Hsf1 inmft1D cells,
and suppression was proportional to the concentration of the
drug. As a control, no DCF was observed in a wild-type strain,
and DCF at the endogenous HSP82 locus was not affected by
doxycycline in the mft1D mutant (Figure 7D).
Together, these data strongly support the notion that the
heavy load of polymerases produced by high-firing-power
promoters floods 30 end processing and transcript release
processes in the absence of THO function, causally leading
to DCF.
DISCUSSION
Thewide evolutionary conservation of the THO complex, present
in eukaryotes from yeast to humans, calls for an important or
essential function that remains enigmatic. Several phenotypes
have been associated to mutation of the complex subunits,
including transcription, genome stability, and mRNP assembly/
processing defects. In spite of this, a unifying mechanism of
action underlying these phenotypes remains elusive.
The strong specificity of heavy chromatin formation in THO/
Sub2 mutants (this work; Rougemaille et al., 2008) makes this
biochemical phenotype an accurate indicator of the essential
function of the THO and a powerful tool of analysis. In this study,
we describe the topology of heavy chromatin at the subgene res-
olution level. We use single-molecule RNA FISH to ‘‘count’’ the
number of polymerases transcribing the HSP104 gene as early
as 2min after heat shock.Wepropose that thehigh ‘‘firingpower’’
of the HSP104 promoter (and of genes inducing DCF) parallels
a critical necessity for the efficient resolution of the TS-nuclear
pore association, which specifically requires THO function.
Determinants of Heavy Chromatin Formation
We have previously shown that the formation of heavy chromatin
in THOmutants depends on the integrity of the termination/poly-
adenylation machinery, implying that commitment to termination
precedes the requirement for THO function (Rougemaille et al.,
2008). Consistently, we show here that termination signals are
essential for the formation and positioning of heavy chromatin.
Our high-resolution, genome-wide analyses substantiate these
findings by showing that the peak of heavy chromatin is precisely
positioned at the 30 end of target genes, slightly preceding the
site of poly(A) addition on the RNA (Figures 4B and 4C). These
results are also consistent with the strongly 30 end skewed distri-
bution of THO components on open reading frames (Go´mez-
Gonza´lez et al., 2011). Surprisingly, however, we show that the
gene promoter is the main determinant of heavy chromatin for-
mation and that terminators of target genes do not contain spe-
cific elements (Figures 1 and S1).
Similarly, we did not observe a marked influence of the
sequence of the coding sequence in the formation of heavy chro-
matin. It has been reported that genes whose expression de-
pends on THO are more GC-rich than the genome average or
contain internal repeats (Cha´vez et al., 2001; Go´mez-Gonza´lez
et al., 2011; Voynov et al., 2006). This apparent discrepancy
could either be due to a small effect of the sequence that is
only revealed by statistical analysis or to different features deter-
mining THO requirements during growth at 30C or 37C.
The Nature of Heavy Chromatin
The genome-wide topology of heavy chromatin at the subgene
resolution level reveals a few important features of the phenom-
enon. First, we show here that DCF formation is not dependent
on the genomic context, because it can be reproduced with
ectopically expressed features on centromeric plasmids. This
rules out that protein crowding at the 30 end of THO target genes
could be due to interferences with concurrent transcription (e.g.,
convergent genes), DNA replication, or any particular flanking
chromatin structure.Cell ReMetagene analyses indicate that DCF is always minimal at the
promoter and increases exponentially toward the 30 end, where it
reaches a maximum a few nucleotides before the poly(A) addi-
tion site and this independently from the size of the gene. After
the maximum the signal decreases in a manner that is highly var-
iable among the different genes as indicated by the increase in
the 50% interval in Figures 4B and 4C. This indicates that heavy
chromatin signals derive from a polarized phenomenon rather
than from a 30 end localized signal that bleeds into neighboring
regions. The precise molecular origin of the phenomenon re-
mains uncertain. One possibility is that the topological constraint
imposed by the persistent interaction with the nuclear pore (Rou-
gemaille et al., 2008) induces excess supercoiling that progres-
sively increases toward the 30 end. The altered topology of the
DNA might then be linked to the formation of heavy chromatin,
possibly via formation of R loops and/or exposure of single-
strandedDNA, whichwould be consistent with the described ge-
netic interactions of hpr1 and top1/2/3 mutants (Aguilera and
Klein, 1990). Increased DCF levels toward the 30 end of genes
could also be due to a crosslinking gradient that would be deter-
mined by the proximity of the gene terminator with theNPC (Rou-
gemaille et al., 2008). This is expected if the gene is ‘‘pulled’’ to
the pore by the nascent mRNP entering the export pathway
before being released from the site of transcription.
It is also possible that the overload of initiation events trans-
lates into polymerases piling up in the 30 end of genes when
the earliest transcription events have not been resolved suffi-
ciently fast in THO mutants. Although this model is consistent
with the loss of transcriptional activity measured at the 30 end
of HSP104 by run-on analysis in THO mutants (Saguez et al.,
2008), it is seemingly at odd with the failure to detect an
increased Pol II ChIP signal at the HSP104 locus (Rougemaille
et al., 2008). However, a polymerase load of up to 30 molecules
per gene translates into roughly one molecule every 100 bp, i.e.,
near to the sterical limit imposed by the footmark of the polymer-
ase on the DNA (roughly 30 nt; Saeki and Svejstrup, 2009). This
massive level of polymerases is very likely to prevent linear
detection of the signal by ChIP because every 300–500 nt soni-
cated chromatin fragment would inevitably contain more than
one polymerase and yet provide a single ChIP signal. In other
terms, seen through the ChIP eye, a continuous flow of head-
to-tail moving polymerases (in wild-type cells) might not be
distinguishable from a line of arrested, piled-up polymerases
(in mutant cells). Stalled polymerases might underlie the ob-
served persistence of RNA at the site of transcription (Libri
et al., 2002; Thomsen et al., 2003), and we suggest that the
nascent mRNPs associated to the stalled polymerases and per-
sisting in proximity of the DNA bring about the molecular crowd-
ing that provokes DCF. The progressive increase in RNA size and
associated protein load along the length of the genemight create
a gradient of increasing protein density toward the 30 end of the
genes, which underlies heavy chromatin detection.
Heavy chromatin detection requires exposure of the cells to
37C, even for genes that are not driven by heat-inducible pro-
moters, as inferred from our genome-wide analyses or experi-
ments with the artificial Tet-repressible promoter. However,
temperature alone cannot be accounted for inducing heavy
chromatin formation as the phenomenon is not observed inports 5, 1082–1094, November 27, 2013 ª2013 The Authors 1091
wild-type cells subjected to the same 37C stress. The simplest
and most likely explanation for these findings is that multiple,
simultaneous crosslinks are required to freeze the whole com-
plex in a biochemical form that is amenable for differential
fractionation. Performing the experiment at 37C favors the
occurrence of such multiple crosslinks because of the highest
efficiency of the crosslinking reaction. This notion is fully consis-
tent with the findings that (1) crosslinking at low temperature
after heat shock is not sufficient for DCF detection even at the
HSP104 gene and (2) that expression of HSP104 under control
of the VP16-TetR activator at 25
C followed by crosslinking at
37C elicited DCF (our unpublished results).
Unusual Promoter Firing Power at Heat Shock Genes
High transcriptional output translates different possible mecha-
nistic scenariosdeterminedby twoessential parameters: thenum-
ber of cells actively transcribing the gene in the population and the
kinetics of polymeraseoccupancy in the time lapse of the analysis.
Although a similar overall output might result both from steady
transcription with regularly spaced polymerases and transcrip-
tional bursts with waves of clustered polymerases, the mecha-
nisms underlying mRNP production, and therefore the require-
ment for THO function, are expected to be radically different.
Because DCF can be observed as early as 2 min after the shift
to 37C (Figure S5), heavy chromatinmust form as fast as the first
wave of polymerases (traveling at 2–4 kb/min) reaches the end of
the 2.7 kbpHSP104 gene, which is very unlikely to reflect indirect
effects. We show that at this time point, the firing power of the
HSP104 promoter is such that an average of ten and amaximum
of 30 polymerases are present simultaneously on the locus.
Quantification of the nascent and cytoplasmic RNA signals
indicated that an average of 40 transcription initiation events
have occurred within 2 min after the temperature shift. Note
that this is most likely an underestimate because we did not
take into account (1) the time lag between the temperature shift
and the first initiation event, (2) the mRNAs molecules that were
released but degraded in the cytoplasm, and (3) the Pol II mole-
cules transcribing the very 50 end of the gene, associated with
short nascent RNAs that could not be detected efficiently due
to the probe hybridization bias (Table S5). Even with such con-
servative assumptions, our observations imply a drastic pro-
moter firingwith a 3 s cadence and Pol II molecules spaced every
100–300 bp along the HSP104 sequence. Such a heavy load of
polymerases has not been observed previously for yeast genes.
It has been estimated that at most 1% of yeast genes are tran-
scribed by more than one Pol II molecule simultaneously and
that the vast majority of yeast genes is transcribed at a frequency
of less than 1/min (Pelechano et al., 2010), which is also consis-
tent with quantitative FISHmeasurements on a fewmodel genes
(Zenklusen et al., 2008).
The correlation between high-power firing and heavy chro-
matin formation is strengthened by the observation that the
two other known ‘‘bursting’’ promoters, PRD5 and the tetracy-
cline-repressible promoter, also convey THO-dependent DCF
specificity (this study). Note that it is not ‘‘bursting’’ per se that
leads to DCF formation but the high firing frequency of these pro-
moters during activity periods. Conversely, all the genes for
which a constitutive (low firing power) mode of activation has1092 Cell Reports 5, 1082–1094, November 27, 2013 ª2013 The Autbeen previously defined (MDN1, POLI,KAP104, andDOA1; Zen-
klusen et al., 2008) are absent from the heavy chromatin fraction
(data not shown).
Also, the strong correlation between Pol II occupancy and
DCF formation and the observation that altering the firing power
of a promoter suppresses DCF support the causal link between
high initiation frequency and heavy chromatin formation in THO
mutants.
In summary, we propose that the THO function is essential
under conditions where transcript release is made limiting by
an overflow of polymerases reaching the end of the gene. In
this perspective, the THO complex is required for tuning the
dynamic of gene-nuclear pore association and mRNP release
to the same high pace of transcription initiation.
EXPERIMENTAL PROCEDURES
Yeast Strains, Plasmid Construction, and DCF Analyses
S. cerevisiae strains used in this study are isogenic to W303 and are listed in
Table S1. Standard manipulations, plasmid constructions, and DCF analyses
are described in the Supplemental Information.
Fluorescent In Situ Hybridization
Yeast cells were fixed by adding 32% (v/v) paraformaldehyde to a final
concentration of 4% (v/v) paraformaldehyde and incubated for 45 min at
20C. Cell walls were digested using lyticase (L2524; Sigma-Aldrich) and
attached to poly-L-lysine-coated (P8920; Sigma-Aldrich) coverslips and
stored at 20C in 70% (v/v) ethanol overnight. Cells were rehydrated twice
in PBS for 10 min then incubated for 15 min in PBS with 0.5% Triton, then
washed once in PBS for 10 min and twice in 23 saline sodium citrate (SSC),
40% (v/v) formamide for 5 min. Coverslips were hybridized against 1 ng of
labeled DNA probes, 5 mg of salmon sperm DNA, and 5 mg of E. coli tRNA in
20 ml of a solution at 5 mM NaHPO4, 40% (v/v) formamide, 23 SSC, 2 mg/
ml BSA, 10 mM VRC, 0.12 U/ml RNase inhibitor. Hybridization was done
overnight at 37C. Coverslips were then washed twice in 23 SSC, 40% (v/v)
formamide at 37C for 15 min, then twice in 13 PBS for 1 hr, at room temper-
ature. They were stained with 4’,6-diamidino-2-phenylindole (DAPI) and
mounted in 90% glycerol in PBS containing 1 mg/ml P-phenylenediamine
(695106; Sigma-Aldrich) (pH 8.5). See Table S5 for probe sequences.
Image Acquisition and Data Analysis
Images were acquired with a Nikon Eclipse Ti using a plan Apochromatic3100
oil-immersion objective with a 1.4 numerical aperture. A Nikon Intensilight
C-HGFI lamp was used to illuminate the coverslips. Dichroic filters for Cy3
(Semrock Cy3-4040B) and DAPI (Semrock DAPI-1160A) were used. Stacks
of 51 Images were acquired in z-steps of 0.2 mm using a Photometrics Cool-
snap HQ2 camera. Images were analyzed z-step by z-step fitting a two-dimen-
sional Gaussian to detect FISH spots and to extract integrated intensity, as
previously described (Thompson et al., 2002; Zenklusen et al., 2008). Only
the signal measured at the focal plane for each detection was used for statis-
tical analysis. The number of nascent transcripts at the TS was estimated by
dividing the integrated intensity at the TSs by the median integrated intensity
of the spots in the same image.
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